The response of a representative virus and indicator bacteria to heating, solar irradiation, or their combination, was investigated in a controlled solar simulator and under real sun conditions. Heating showed higher inactivation of Escherichia coli compared to the bacteriophage MS2. Heating combined with natural or simulated solar irradiation demonstrated a synergistic effect on the inactivation of E. coli, with up to 3-log difference for 50 W C and natural sun insolation of 2,000 kJ m
INTRODUCTION

Point-of-use (POU) technologies used in developing countries
to improve water quality via inactivation of bacteria and viruses include chlorine tablets, solar disinfection, ceramic filters, combined flocculation and disinfection, and boiling (WHO ). Solar Water Disinfection (SODIS) is a simple, effective and low-cost POU technology for the treatment of drinking water in developing countries. Solar disinfection is based on UV energy, heating, or an additive or synergistic effect of these two processes. Effective combination of solar UV and thermal radiation can produce a greater level of microorganism inactivation than either treatment used separately. Wegelin et al. () and Sommer et al. () found that the water temperature has to reach at least 50 W C to The mechanism underlying inactivation by SODIS is not fully understood, and it might be related to protein damage, DNA damage and/or increased cell-wall permeability. Bosshard et al. () indicated that solar UV radiation probably damages proteins via oxidative stress.
They showed that under a simulator UVA lamp set to 1,000 kJ m À2 , many different proteins were aggregated (suggesting protein oxidation), among them Dps, which is responsible for DNA protection and repair. To assess DNA for virological water quality monitoring in fresh water than E. coli. The bacteriophage MS2, which is relatively resistant to heat and UV irradiation (Walker et al. ) , is a popular model microorganism for UV disinfection studies, and was selected for the current work.
The response of the representative virus MS2 and the indicator bacteria E. coli to heating, solar irradiation and their combination was investigated, using both simulated and natural sunlight, with emphasis on influence of the season for E. coli with natural sunlight. The impact of these conditions with the simulated sun was examined by quantitative ESS assay for E. coli. Finally, recovery after heat treatment was also examined.
MATERIALS AND METHODS
The experiments were conducted under various conditions of heat and solar irradiation to estimate the contribution of each factor to inactivation rates.
Model organisms
Escherichia coli K-12 (ATCC 2363) was used as the test bacterium in this study, due to its widespread use as a fecal indicator (US-EPA ). The bacterium was maintained in the laboratory by passing once a week on mFC selective agar (Difco, cat. no. 267720 ) and cultivating to a high concentration in nutrient broth. Prior to each experiment, a single colony of E. coli was inoculated into 5 mL sterile liquid tryptone broth (BD, cat. no. 211705) and incubated overnight at 37 W C, then transferred into a 500-mL Erlenmeyer flask containing 45 mL of tryptone broth and shaken at 37 W C and 125 rpm for 4-6 h to obtain approximately 10 9 CFU mL À1 .
Bacteriophage MS2 (ATCC 15597-B1) was used as a model virus. MS2 is a single-stranded polyhedral RNA virus with a diameter of 0.026 μm. MS2 was selected since it belongs to genotype I of the F-specific RNA bacteriophage, which has been found to be the most environmentally resistant serogroup (Schaper et al. ) , and because it has been
shown that there is a positive correlation between its presence and the presence of pathogenic viruses in water (Borrego et al. ) . MS2 bacteriophages were propagated as needed on its E. coli K12 host. Prior to each experiment, bacteriophages were cultivated and purified as previously described (Nasser et al. ) . Studies showed that MS2 is very resistant, and was unaffected by solar UV wavelengths (above 295 nm), while E. coli inactivation by these wavelengths was very rapid compared to viruses (Mamane et al. ) indicating the suitability of using both organisms for evaluating two sensitivity extremes of solar treatment processes.
Cultivation and enumeration of the microorganisms
Bacterial inactivation: E. coli K12 grown in tryptone broth (10 9 CFU mL À1 ) was diluted to a final concentration of 10 6 CFU mL À1 in deionized (DI) water at ambient temperature or in deionized water that was preheated to a designated temperature. In the preheated water samples, E. coli was enumerated to determine the impact of heating only. In other treatments, water-bacteria mixtures were exposed to solar irradiation as indicated to determine the effect of irradiation only or exposed to preheated water to obtain the combined heating and solar irradiation effect.
Control samples were kept in the dark at ∼22-23 W C. In all experiments water samples were collected at the designated times, diluted with sterile DI water, and the viable E. coli was enumerated by spreading 0.1 mL on mFC selective agar. The dishes were incubated overnight at 37 W C and colonies were counted the following day.
tents spilled onto solid tryptone agar. The samples were incubated overnight at 37 W C and plaques were counted the following day (Nasser et al. ) . The E. coli host strain for MS2 bacteriophage was also the E. coli test strain for bacterial inactivation. In the control experiments no E. coli or MS2 inactivation was observed in DI water, under dark condition and room temperature.
Calculation of inactivation factor
Three types of treatments were examined: (1) heat only, 
Heat treatment
Samples of 500 mL were transferred into a 500-mL quartz glass bottle and placed in a temperature-controlled water filter. In reality, other losses in our lab system and design around the target, resulted in irradiance of ∼750 W m À2 .
Optical irradiance was measured using the calibrated spectroradiometer and an irradiation detector (Nova-23A-P-FS, Ophir, Israel). The experiments were conducted at either ambient temperature or at a controlled temperature (similar to the field sunlight exposure).
The solar simulator was calibrated by comparing the simulated spectrum to the natural solar spectrum (Figure 2 ), and by photo analysis (Parretta et al. ) using a linear-response camera (body:u-eye 4002724050, Germany;
lens: computer 09F, Japan) which photographs the irradiated area from a target with nearly Lambertian reflection properties (a diffuse white paper). The acquired image was corrected for geometric image distortion due to camera view angle, and analyzed with MATLAB software to produce an additional estimation of the irradiance flux distribution and non-uniformity over the target area.
Although the spectral match under 400 nm is not part of the ASTM standard, examination on a randomly chosen mid-summer day (16 August 2010 at 12:00 noon) gave a spectrum similar to that achieved by the simulator (especially below 400 nm, Figure 2 ).
A 280-nm longpass (lp) filter was used as a precaution for ensuring that there is no UVC output from the solar simulator. After installing all filters (280-nm lp filter and the 1.5 AM Global filter), the irradiance integrated between 220 and 2,100 nm was 680 W m À2 , including UVA irradiance of 26 W m À2 and UVB irradiance of 1 W m À2 .
Endonuclease sensitive site (ESS) assay
The ESS assay was used to obtain a quantitative evaluation of DNA damage in E. coli exposed to irradiation, heating at 50 W C, or their combination. A higher concentration of E. coli was used for the ESS assay (10 9 CFU mL À1 ) compared to inactivation experiments (10 6 CFU mL À1 ) in order to obtain adequate amount of DNA. Cells were harvested by centrifugation (8,000 g; 5 min) and genomic DNA isolated from the pellet using a commercial kit (Bac- 
RESULTS AND DISCUSSION
Effect of heating on microorganism disinfection
The influence of heating on E. coli in DI water was examined: exposure of E. coli for 2 h to a temperature 52 W C or higher was needed to achieve significant bacterial inacti- 
Effect of natural solar irradiation
The influence of solar irradiation on E. coli inactivation in DI water was examined at ambient temperature. On 16
August 2010, ∼3,000 kJ m À2 of global insolation was In the current study, when the water was heated to 50 W C, there was an obvious synergistic effect with irradiation (Table 2) . For up to 20 min, there was no significant difference between the artificial summation of heat and irradiation effects and their combined effect. However, the natural sunlight synergy became more noticeable with time, with up to 3-log inactivation difference observed for 60 min exposure to the combined treatment.
Influence of combined irradiation and heating on microorganisms -field experiments with MS2
The effect of solar irradiation and heating on MS2 inactivation in DI water was examined under controlled temperature, as illustrated in Figure 5 . Solar irradiation alone had a negligible effect on MS2, even at 5,580 kJ m À2 global insolation for 120 min. Heating for 120 min produced only 1.23 log inactivation at a temperature of 59 W C. The irradiation and heating to 59 W C resulted in over 2-log inactivation, which is almost 1 log higher than the artificial summation of heating and irradiation (experiments held on 29 August 2010 with 5,580 kJ m À2 global insolation after 120 min). Although the experiments were conducted on different dates, the differences between global insolation were small and the differences between the inactivation caused by irradiation only were negligible; thus, the difference in inactivation observed at high temperature is likely to be the result of real synergy. It should be noted that although significant inactivation was achieved when combining irradiation and heating to 59 W C, this might not be applicable under ambient conditions, due to the low probability of obtaining such high temperatures under natural non-concentrated sunlight.
To conclude, there is a synergistic effect of heat and irradiation for MS2 inactivation but it does not yield a dramatic effect such as that found with E. coli. Many studies, 
Solar simulator experiments with E. coli
The effect of solar simulator irradiation and heating on E.
coli inactivation in DI water was examined under controlled temperatures. Three sets of experiments were carried out:
(1) heating at 50 W C only: the sample was covered from any illumination; (2) irradiation only (ambient temperature) using a 280-nm lp filter to ensure that no UVC wavelengths reach the water sample from the lamp; (3) irradiation and heating at 50 W C using the 280-nm lp filter. The resultant inactivation rates for E. coli are presented in Table 3 .
The synergistic effect observed with the sun's irradiation was also observed under the solar simulator. In the first few minutes, no differences were observed between heat experiments under 'heating only' compared to experiments that combined irradiation and 50 W C heating. However, after a few more minutes, the synergistic effect of heat and irradiation began to develop, to an over 4-log difference in 
CONCLUSIONS AND RECOMMENDATIONS
A significant impact of heating was found on E. coli inactivation at 52 W C, while some inactivation was found for MS2 only at 60 W C, demonstrated that MS2 is less sensitive than E. coli to heating. In this study, a significant synergistic effect of combined heating and solar irradiation was observed for E. coli inactivation, with an up to 3-log difference for 50 W C and insolation of 2,000 kJ m À2 compared to simple summation of the separate treatment effects with natural sunlight and more than 4-log difference for the same temperature and insolation of 1,116 kJ m À2 compared to a simple summation of the separate treatment effects with simulated sunlight. This synergy was initially MS2 represents a worst case microorganism because it is more resistant for use in evaluating SODIS as a drinking water treatment process, and should be considered where and when it can be applied, and especially the limitations of only using E. coli. Various researchers criticized the use of E. coli as an indicator for water quality (as Savichtcheva & Okabe ). Furthermore, it is important to determine the parameters of heat and irradiation and their combination that would achieve significant inactivation, per organism examined. Understanding the inactivation response may lead to design of a solar disinfection apparatus that would be efficient also for more resistant microorganisms.
A seasonal climatic influence was found on the inactivation process: a longer lag in the inactivation curve was observed with time from summer. This finding should also be considered when designing a solar disinfection system.
The ESS assay, in this study, proved that this synergy results in DNA damage (proven for E. coli), even after 10 min. The heat accelerated the DNA damage process in the combined treatment compared to irradiation alone.
E. coli recovery was observed with irradiation, however, no recovery was observed after exposing the E. coli samples to 50 W C or irradiation combined with 50 W C heating (the synergistic effect). Heaselgrave et al. () suggested that increasing temperature leads to increased permeability of the cyst walls and may facilitate the transport of UV radiation products (ROS) into the interior of the cysts, where they can result in a greater biocide effect. Our findings of DNA damage, which is accelerated by heat (ESS analysis) in addition to the observation of the non-recovery of E. coli after heating to 50 W C, reinforce this hypothesis.
We believe that the heat increases the cell membrane permeability and by that the generated reactive products formed by irradiation can easily penetrate to the cell and produce intracellular damage. Thus, we recommend using the ESS assay as a quantitative evaluation of DNA damage which may lead to better understanding of the synergetic inactivation mechanism. combined with heating at 50 W C for 5 min (▴). The arrow shows when the water sample was exposed to a 400-nm lp filter for an additional hour. VIS light refers to wavelengths above 400 nm; 280-nm lp is a long-pass filter that transmits wavelengths above 280 nm.
